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Abstract: A genipin-cross-linked chitosan/graphene oxide (GCS/GO) composite film was 
prepared using a solution casting method. Fourier transform infrared (FTIR) and ultraviolet- 
visible (UV-Vis) spectroscopy of the composite films showed that the interactions between the 
CS and oxygen-containing groups of GO resulted in good dispersion of the GO sheets in the 
CS network. The addition of GO decreased the expansion ratio of the composite films in physi- 
ological conditions and increased the resistance to degradation by lysozymes in vitro. As well, 
the tensile strength values of the GCS/GO films were significantly increased with the increasing 
load of GO. Moreover, the GCS/GO composite film also maintained the intrinsic fluorescence 
of GCS. The in vitro cell study results revealed that the composite films were suitable for the 
proliferation and adhesion of mouse preosteoblast (MC3T3-E1) cells. The GCS/GO biocomposite 
films might have a potential use in tissue engineering, bioimaging, and drug delivery. 
Keywords: chitosan film degradation, fluorescence, cytocompatibility 

Introduction 

Graphene, a one-atom-thick layer of sp2-bonded carbon atoms, has been extensively 
studied due to its extraordinary mechanical, thermal, and electronic properties. 12 
The cost-effective and large-scale production of graphene is usually achieved by the 
reduction of its precursor, graphite oxide, which is a layered material produced by the 
oxidation of graphite. 3 4 Recently, graphene oxide (GO) has shown great promise for 
biomedical applications, such as drug delivery, 5-7 cell imaging, 5 8 enzyme immobiliza- 
tion, 910 biosensors, 1112 etc. In contrast to pristine graphene, GO is rich in hydrophilic 
functional groups, such as — COOH and —OH, which can significantly alter the van der 
Waals interactions and which make it easily dispersed in aqueous solutions and some 
organic solution. 13 Thus, GO possesses strong interfacial interaction with polymers, 
especially hydrophilic ones. Therefore, there has recently been an attempt to use GO 
as a two-dimensional (2D) filler for the preparation of mechanically enhanced polymer 
composites. 14-16 

Chitosan (CS), a biodegradable, nontoxic, antibacterial, and biocompatible naturally 
derived polymer, has attracted significant interest in a broad range of applications, such 
as food packaging, water treatment, separation membrane technology, tissue engineering, 
and drug delivery. 1718 Moreover, CS has a hydrophilic surface, promoting cell adhe- 
sion, proliferation, and differentiation and evokes a minimal foreign body reaction on 
implantation; therefore, CS-based biomaterials have been widely studied for biomedical 
application. 17 CS-based films, for instance, have been used in stent insertion, 19 drug 
release, 20 and wound dressing. 2122 However, the relatively weak mechanical properties 
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of CS and its ready swelling in water restrict its use in a wider 
application. Cross-linking is a convenient solution to solve this 
problem, allowing the creation of a three-dimensional (3D) 
cross-linked network matrix. Genipin, a naturally occurring 
and nontoxic cross-linking reagent, has been extensively used 
to obtain physically strong and biocompatible cross-linked 
products. 23-25 By using genipin, the mechanical properties 
and the speed of degradation of CS can be controlled. 24 25 In 
addition, CS-genipin conjugates possess a novel intrinsic 
fluorescent property, which broadens their use in biomedical 
applications, like in situ observation. 26 27 In our previous work, 
we fabricated a hydroxyapatite-coated genipin-CS conjuga- 
tion scaffold with fluorescent properties, which could provide 
effective ways for imaging the scaffold-cell interface and for 
tracing the adhesion, migration, and proliferation of cells, by 
a confocal laser scanning microscope (CLSM). 26 

Due to their individual excellent properties, both GO 
incorporated into CS and genipin-cross-linked CS (GCS) 
are expected to hold promising performance. Recently, Pan 
et al presented a simple approach to the fabrication of GO/CS 
nanocomposite films with enhanced mechanical properties. 28 
In a similar work, Yang et al found that the incorporation of 
only 1 wt% GO into CS composites dramatically increased 
their tensile strength and Young's modulus, by 122% and 
64%, respectively and that the glass-transition temperature 
increased as well. 29 Here and in other excellent studies on 
CS/GO composites, 1630 GO was demonstrated to be an 
efficient nanofiller for CS, and it can be expected that with 
largely improved mechanical properties, CS may play a more 
important role as biomaterials. Although the GO-reinforced 
CS materials synthesized in previous work are claimed to be 
useful as biomaterials, little work investigating the biodegrad- 
ability or biocompatibility of GO-incorporated CS composites 
has been reported. In this study, we proposed a GCS/GO 
composite film, prepared using a solution casting method. In 
this composite, the mechanical properties, biodegradation, and 
swelling behavior of the film could be fine-tuned by adjusting 
the content of GO. Further, the intrinsic fluorescence caused 
by the cross-linkage of genipin still remained after adding GO 
to the CS matrix. Most importantly, an in vitro cell culture 
with the samples proved that this high- strength, fluorescent, 
biodegradable composite biofilm had very good cytocompat- 
ibility for biomedical application. 

Materials and methods 

Materials 

Medium molecular weight CS (Cat No 448877) (75%-85% 
deacetylated) andlysozyme (Cat No 62971) (70000 U/mg) 



were purchased from Sigma- Aldrich Corp (St Louis, MO, 
USA). Graphite flake (natural, -325 mesh, 99.8%) was 
obtained from Alfa Aesar (Ward Hill, MA, USA). Genipin 
(99.0% pure) was purchased from Linchuan Zhixin Bio- 
Technology Co, Ltd (Jiangxi, People's Republic of 
China). The other reagents were bought from Sinopharm 
Chemical Reagent Co, Ltd (Shanghai, People's Republic 
of China). 

Preparation of genipin-cross-linked 
chitosan/graphene oxide composite film 

First, GO was prepared from graphite using an improved 
synthesis method. 31 Briefly, a mixture of concentrated H 2 S0 4 / 
H 3 P0 4 (360:40 mL) was added to a mixture of 3.0 g graphite 
flakes and 18.0 g KMn0 4 . The reaction was heated to 50°C 
and stirred for 12 hours, then cooled to room temperature 
and poured onto -350 g ice chips. Then, 3.0 mL of 30% H 2 0 2 
was slowly added to obtain a bright yellow dispersion. The 
suspension was then centrifuged (4000 rpm for 4 hours), and 
the supernatant was decanted away. The obtained deposit was 
washed repeatedly with deionized water and then dialyzed 
(molecular weight cutoff [MWCO]~3000) for 2 weeks to 
obtain a clean dispersion of GO. Finally, the GO suspension 
was diluted to certain concentrations and sonicated to achieve 
single-layered sheets. 

CS powder (1 g) was added into 50 mL of aqueous 
solution containing different amounts of GO. The mixture 
was then dissolved by the dropwise addition of 800 |lL 
acetic acid. After stirring overnight, a transparent and well- 
dispersed CS/GO nanocomposite suspension was obtained. 29 
To obtain the cross-linked CS matrix (GCS), 100 |lL genipin 
solution (50 mg/mL in ethanol) was then added and stirred 
for 30 minutes at room temperature. The solution was then 
carefully poured into a 10 mm petri dish and incubated 
at 30°C overnight to form a film, followed by drying in a 
vacuum oven at 40°C for 48 hours. CS/GO composite films 
without cross-linking were obtained by following the same 
procedures but with no addition of genipin. By changing the 
weight fraction of the GO added to the GCS, such as 0%, 
0.1%, 0.5%, 1%, and 2%, a series of samples, referred to as 
GCS, GCS/GO-0.1, GCS/GO-0.5, GCS/GO- 1, and GCS/ 
GO-2, were prepared. 

Characterization 

As-synthesized GO sheets were characterized by atomic 
force microscopic (AFM) (Dimension Icon®; Bruker Corp, 
Billerica, MA, USA) measurements. The samples were 
prepared for AFM by dropping dilute GO solution onto a 
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fresh-peeled mica sheet, followed by drying in a clean oven. 
X-ray photoelectron spectroscopic (XPS) measurements 
were carried out on a Thermo Fisher Scientific Escalab 
250 spectrometer (Thermo Fisher Scientific, Inc, Waltham, 
MA, USA) with monochromatized Al Koc excitation, and 
Cls (284.5 eV) was used to calibrate the peak positions of 
the elements. 

The stability of the suspension of GO/CS in aqueous 
acetic acid solution (without dilution) was characterized with 
a Zeta Potential Analyzer (ZetaPALS; Brookhaven Instru- 
ments Corp, Holtsville NY, USA). The ultraviolet- visible 
(UV-Vis) diffuse reflectance spectra of the obtained films 
samples were determined on a Shimadzu UV 2550 spectro- 
photometer (Shimadzu Corp, Kyoto, Japan) equipped with an 
integrating sphere. Fourier transform infrared (FTIR) spectra 
were recorded using an infrared (IR) spectrophotometer 
(Nicolet Nexus 670; Thermo Fisher Scientific, Inc). The 
spectrum was obtained with 64 scans per sample ranging 
from 4000-400 cm -1 , with a resolution of 4 cm -1 . The 
morphologies of the GCS and GCS/GO films were imaged 
using a scanning electron microscope (SEM) (Hitachi 
S-4800; Hitachi Ltd, Tokyo, Japan), at an accelerating voltage 
of 10 kV Samples for cross-sectional view were obtained by 
tensile fracture. All samples were sputtered with gold before 
observation. 

To investigate how the GO sheets influenced the swelling 
of the composite films, three samples from each group were 
immersed in phosphate-buffered saline (PBS) (50 mM, 
pH 7.4) until their weight became constant. The samples were 
then removed from the PBS, and their surfaces were blotted 
with filter paper before being measured. The expansion ratio 
of the lateral length of the GCS/GO film was calculated 
according to the following formula: 

Expansion ratio = (L - L 0 )/L 0 , (1) 

where L Q and L were the lateral length of GCS/GO film before 
and after soaking in PBS, respectively. 

For the in vitro enzymatic degradation study, the initial 
films were placed in 10 mL vials containing 5 mL of PBS 
(0. 1 M, pH 7.4) containing 2 mg/mL lysozyme (70,000 U/mg; 
Sigma- Aldrich Corp) and 0.1 mg/mL NaN 3 . The vials were 
stored in an incubator set at 37°C and agitated at 100 rpm. 
Three samples of each group were weighed before in vitro 
degradation test (Wb) and collected at fixed time intervals 
and rinsed thoroughly with deionized water. Samples were 
then dried at room temperature and weighed to obtain the 
remaining weights (Wr). The percentage of remaining weight 



of the CS film was calculated after the enzymatic degradation 
using the formula: 

Percentage of remaining weight % = Wr/Wb x 100% (2) 

The tensile properties of the composite films were measured 
using an automatic mechanical testing machine (WDW- 1 ; Zhix- 
ing Test, Jinan, People's Republic of China) fitted with a 100 N 
load cell at room temperature. The strain rate was 5.0 mm/min. 
The thickness of all tested samples was determined by SEM. 

The fluorescence emission spectra of GCS/GO films were 
measured using a fluorescence spectrometer (FLS920; Edinburgh 
Instruments Ltd, Livingston, UK) at the excitation of 488 nm. 
The samples used for wide-field fluorescence microscopy were 
rinsed in PBS and observed using an Olympus 1X71® inverted 
microscope (Olympus Corporation, Tokyo, Japan) coupled with 
a charge-coupled device (CCD) and display controller software. 
According to the obtained emission spectra, the fluorescence 
images were recorded through U-MNIBA3 (Xex = 460-490 nm; 
A,em >510 nm) and U-MWG2 (tax = 510-550 nm; tarn 
>570 nm) filter combinations. The International Organization for 
Standardization (ISO) sensitivity was set at 800, and the exposure 
time at 100 msec for U-MNIBA3 and 10 msec for U-MWG2. 

Cell culture 

The mouse preosteoblast cell line (MC3T3-E1) used in this 
study was obtained from the Cell Bank of Type Culture 
Collection of Chinese Academy of Sciences, Shanghai, 
People's Republic of China. All samples (5x5 mm) were 
sterilized by exposing each side of the sample to UV light for 
30 minutes, washed three times in sterile PBS, and presoaked 
in 48-well-plates with cell culture medium overnight, before 
cell seeding. After removing the medium, 30 jlL of the cell 
suspension (containing 3000 cells) was gently injected onto 
each sample. Care was taken that the cells were seeded on the 
top surface of the film, without any spillage. Subsequently, the 
cell-seeded constructs were incubated for 20 minutes so that 
the cells were allowed to adhere. Finally, 400 |iL of a-minimal 
essential medium (a-MEM) (Cat No SH30265.01B, Thermo 
Scientific HyClone, Beijing, People's Republic of China), 
supplemented with 10% fetal bovine serum (FBS) (Gibco; 
Cat No 10099-141, Life Technologies Corp) and l%penicillin 
and streptomycin, was gently injected into each well. Cells 
were cultured in a humidified atmosphere of 5% C0 2 at 37°C. 
The culture medium was changed every 2 days. 

Cell viability assay 

A Cell Counting Kit-8 (CCK-8; Dojindo Molecular Tech- 
nology, Kumamoto, Japan) was employed to quantitatively 
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evaluate the cell viability of various samples after cultivation 
for 1, 3, and 5 days. 2-(2-methoxy-4-nitrophenyl)-3- 
(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2 H-tetrazolium 
monosodium salt (water-soluble tetrazolium salt [WST- 
8]) was used as a substrate. First, each tested sample was 
removed to a new 48-well plate filled with 360 |iL of serum- 
free oc-MEM medium plus 40 |iL of CCK-8 solution per well. 
After 4 hours incubation at 37°C, the resultant production 
of water-soluble formazan dye was assayed at a wavelength 
of 450 nm by a microplate reader (Multiscan MK3; Thermo 
Fisher Scientific, Inc). The 48-well tissue culture plate was 
adopted as a negative control. Three parallel replicates were 
used for each sample. 

Cell viability was then further assessed using a LIVE/ 
DEAD® Viability/Cyto toxicity Kit (Invitrogen™ # L-3224; 
Life Technologies, Corp). The kit can quickly discrimi- 
nate live from dead cells by simultaneously staining with 
green-fluorescent acetomethoxy calcein ester (calcein- 
AM) to indicate intracellular esterase activity and red- 
fluorescent ethidium homodimer-1 to indicate the loss of 
plasma membrane integrity. First, the staining solution 
was prepared by adding 1 |iL calcein- AM and 2.5 |lL 



ethidium homodimer-1 solution to 1 mL PBS. On day 1 and 
day 5, the culture medium was removed, and the samples 
were washed gently with PBS. Then 200 [iL of Live/Dead 
stain was added per well and incubated for 10 minutes 
at 37°C. Finally, the samples were washed with PBS and 
observed using a CLSM (model number TCS SP2) (Leica 
Microsystems, Wetzlar, Germany) at an excitation wave- 
length of 488 nm (green) and 533 nm (red). 

Statistics 

Data were reported as mean plus standard deviation. 
Comparative studies of the means were performed by analysis 
of variance (ANOVA), using SPSS for Windows, Version 13.0 
(SPSS Inc, Chicago, IL, USA) for multiple comparisons, and 
statistical significance was accepted at P < 0.05. 

Results and discussion 

Film composition and structure 

The size and thickness information for GO sheets were 
observed by AFM (Figure 1A). The measured thickness 
of the GO sheets was uniform (-1.1 nm), showing that 
the GO sheets were fully exfoliated into individual ones 
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Figure I AFM image with height profiles (A) and XPS CIs spectra (B) of GO sheets. 

Note: The black curve is obtained data, the brown one is the corresponding fitting curve. 

Abbreviations: AFM, atomic force microscope; GO, graphene oxide; XPS, X-ray photoelectron spectroscope. 
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in water by ultrasonic treatment. From the Cls spectra of 
GO shown in Figure IB, the Cls band can be fitted into 
four peaks that correspond to the following functional 
groups: carbon sp2 (C=C, 284.5 eV), epoxy/hydroxyls 
(C-O, 285.8 eV), carbonyl (C=0, 287.4 eV), and car- 
boxylates (0=C-0, 289.0 eV). 3 These abundant hydro- 
philic oxygen functional groups made GO highly soluble 
in aqueous solution. 

After mixing with CS solution by vigorous stirring, the 
suspension showed good stability over a period of several 
months (Figure 2A). The zeta potential value of GO/CS 
dispersion (~pH = 2) was around 30 mV (Table 1), indicat- 
ing a metastable dispersion of GO sheets in CS solution. 
Such a good dispersion of GO sheets in CS solution may be 
the result of the hydrophilic groups in GO and electrostatic 
interaction between the cationic CS and the negative charge 
on the surface of the GO. 

To investigate the interaction between CS and GO 
sheets as well as the interaction between GCS and the GO 
sheets, the UV-Vis absorbance spectra of the CS/GO and 
GCS/GO films were obtained, shown in Figure 2C. For the 
original CS, a strong absorption band was evident around 
250 nm, which was caused by the n^G* transition for the 
amino groups of CS. 32 After incorporating the GO, a clear 
red shift toward longer wavelength, around 320 nm, could 
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Figure 2 Photographs of neat CS dissolved in acetic acid, and 0.1 wt%, 0.5 wt%, 
I wt%, and 2 wt% GO/CS dispersions (from left to right), before cross-linking (A). 
Photographs of the GCS, GCS/GO-0.1, GCS/GO-0.5, GCS/GO- 1 and GCS/GO-2 
composite films (from left to right) (B). UV-Vis diffuse reflectance spectra of the 
cross-linked (GCS/GO) and non-cross-linked (CS/GO) composite films (C). 
Abbreviations: CS, chitosan; GCS, genipin-cross-linked chitosan; GO, graphene 
oxide; UV-Vis, ultraviolet-visible. 
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Table I Zeta potential measurement of the CS/GO dispersions 



Sample 


CS 


0.1 wt% 


0.5 wt% 


1 wt% 


2 wt% 


GO 






GO in 


GO in 


GO in 


GO in 








CS 


CS 


CS 


CS 




Zeta potential 


76.5 


31.3 


32.1 


30.3 


27.8 


-56.1 


(mV) 















Abbreviations: CS, chitosan; GO, graphene oxide. 



be seen, which was due to the ground-state electron donor- 
acceptor interaction between the two components. Then, 
the genipin was introduced to the CS/GO system, and the 
absorption peak further shifted to -370 nm due to the 
conversion of primary amine groups on CS to secondary 
amide linkages between CS and genipin. 33 The character- 
istic absorption peak at -605 nm, which corresponds to 
genipin-cross-linking-formed blue pigment, 34 remained 
at the original position but increased the absorption with 
the addition of GO. The increase in absorbance led to a 
change in the color of the GCS/GO film from bluish to 
dark-blue (Figure 2B). 

To particularly identify the interaction between GO and 
CS, an FTIR study of the CS/GO film was carried out. The 
obtained spectra are shown in Figure 3. The peaks at 1080, 
1423, and 1634 cm -1 correspond to C— O— C stretching 
vibrations, C— OH stretching, and the C— C stretching mode 
of the sp2 carbon skeletal network, respectively, while peaks 
located at 1734 and 3280 cm -1 correspond to C— O stretch- 
ing vibrations of the — COOH groups and O— H stretching 
vibration, respectively. These functional groups make GO 
highly hydrophilic and render it dispersible. In the spec- 
trum of CS, there were two characteristic absorbance bands 
centered at 1650 and 1591 cm -1 , which corresponded to the 
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Figure 3 FTIR spectra of GO, pure CS, and CS/GO (2 wt%) composite film. 
Abbreviations: CS, chitosan; FTIR, Fourier transform infrared; GO, graphene oxide. 
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C=0 stretching vibration of amide I and the N— H bending 
of — NH 2 , respectively. The FTIR spectrum of the CS/GO 
composite showed a combination of characteristics similar to 
that of the pristine CS and GO. In the spectrum of CS, peaks 
corresponding to NH 2 absorbance vibration are at 1591cm -1 . 
In the spectrum of GO, peaks corresponding to C=0 stretch 
of carboxylic group is at 1734cm -1 . In the spectrum of CS/ 
GO, both of the above peaks disappeared, which suggested 
that interactions existed between CS and GO. Moreover, the 
C=0 characteristic stretching band of the amide at 1 650 cm -1 
was downshifted due to the synergistic effect of hydrogen 
bonding between CS and the oxygenated groups in GO and 
the electrostatic interaction between polycationic CS and the 
negative charge on the surface of GO (Figure SI). 29 These 
interactions may have a strong impact on the mechanical 
properties, swelling, and degradation of the composite film. 

The SEM images of the as-prepared samples clearly 
showed how the GO sheets were arranged in the CS (Figures 4 
and S2). As shown in Figure 4 A and B, the cross- sectional 
surface of the GCS sample was very smooth. However, the 
cross-section of the GCS/GO sample had a layered structure 
(Figure 4D), in which the GO sheets seemed parallel to each 
other and tightly enwrapped by the CS, and no exposed gra- 
phene sheet could be found (Figure 4D). This indicates that 
the GO sheets had a strong interaction with the surrounding 
CS molecules. The film obtained in this study was prepared by 
the solution casting method. The 2D GO sheets naturally lay 
down when the water slowly dried out, resulting in the parallel- 
aligned structure, similar to that described in the previous 
report. 28 The layered structure of the GCS/GO film, together 
with the firm interactions between those two opponents, may 
have had a positive influence on the physical properties. 
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Figure 4 Typical cross-sectional SEM images of GCS (A and B) and GCS/GO- 1 
(C and D) samples, and their enlarged views (B and D). 

Abbreviations: GCS, genipin-cross-linked chitosan; GO, graphene oxide; SEM, 
scanning electron microscope. 



Swelling and degradation 

CS, containing hydroxyl and amino groups, is readily hydrated 
in water because water molecules strongly interact with these 
hydrophilic groups, resulting in weakening of the intermolecu- 
lar hydrogen bonding. From the swelling results (Figure 5), 
the expansion ratio of the samples depended directly on the 
GO content. From GCS/GO-0. 1 to GCS/GO-2, the expansion 
ratio decreased from 1 .60 to 1 .27, while for the GCS sample, 
the expansion ratio reached 1 .65. The reduction in expansion 
ratio may be attributed to the decrease in the content of the 
free amino and hydroxyl groups of CS after the addition of 
GO. The GO sheets bridged the neighboring CS molecules by 
forming new hydrogen bonding, leading to a pinning effect to 
the CS matrix (Figure SI). With the increase of GO content, 
the CS matrix became more compact, with less space for 
water containment and decrease in the expansion ratio. As 
reported, genipin can also change the hydrophilicity of CS by 
changing the reaction time and concentration. 35 In this study, 
the concentration of genipin and the cross-linking time were 
fixed at appropriate values in all the samples, so the influ- 
ence on swelling from the genipin could be ignored, and the 
GO content was the only variable. Therefore, increasing the 
loading amount of GO decreased the expansion ratio of the 
the GCS film. This observation can provide a new strategy for 
controlling the swelling behavior of hydrophilic polymers, ie, 
use of the 2D building block, whereas to date, most methods 
have focused on cross-linking with small chemical molecules. 
Moreover, the shape retention of the GCS/GO film may prove 
beneficial for use as a stent, heart valve, or skin scaffold. 

The degradation of a biomaterial is very important for its 
biomedical use. For instance, tissue engineering, which aims 
at the regeneration of new tissues, requires biomaterials to be 
degradable and absorbable with a proper rate that matches the 
speed of new tissue growth. The obtained films were further 
characterized by an in vitro investigation of their resistance to 
enzymatic degradation. It is known that CS can be degraded 
by lysozyme, a body enzyme with concentration in human 
serum of about 1 .5 |lg/mL. 36 For convenience, a higher con- 
centration of lysozyme was employed in the current study. 
As shown in Figure 6, the samples without GO degraded 
faster than those with GO. With increasing loading content 
of GO, the composite film showed a greater resistance to 
enzymatic degradation. According to the swelling study, the 
expansion ratio of GCS/GO film was dependent on the GO 
amount. Therefore, the decreased expansion ratio resulted 
in less enzyme content penetrating into the CS matrix and 
thus, a slowing down of the degradation rate. Further, it has 
been found that lysozyme can be spontaneously immobilized 
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Figure 5 Expansion ratio of the GCS films with different GO content, in PBS. 

Abbreviations: GCS, genipin-cross-linked chitosan; GO, graphene oxide; PBS, phosphate-buffered saline. 



on GO sheets because GO sheets have abundant oxygen- 
containing groups, which enable enzyme immobilization; 9 
thus, the GO-dependent degradation of GCS might partially 
have been due to the immobilization of lysozyme on the GO 
sheets. For the above reasons, the addition of GO might be 
a potential method to adjust the degradation of GCS film 
and other polymers, to enhance their suitability for tissue 
engineering and long-acting drug delivery 

Mechanical test 

Figure 7 shows the tensile study results of the GCS/GO com- 
posite films with different GO content. Compared with the 
GCS film, the tensile strength of the composite films increased 
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gradually with the increasing loading of GO, as shown in 
Figure 7. With GO loading from 0. 1 wt% to 1 wt%, the tensile 
strength values increased from -70 MPa to ~1 10 MPa. This 
indicates that the GO sheets could significantly improve the 
mechanical properties of the GCS films. For the GCS/GO-2 
samples, the tensile strength slightly decreased, which may 
have been due to the aggregation of GO sheets. According to 
the previous reports, 28 37 the same results were found in CS/ 
GO composite film. Most importantly, our study demonstrates 
that the GO sheets can also enhance the tensile strength of the 
genipin-cross-linked CS network. 




Figure 6 Percentage of remaining weight of GCS with different GO loading content, 
after enzymatic degradation. 

Abbreviations: GCS, genipin-cross-linked chitosan; GO, graphene oxide. 
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Figure 7 Tensile strength of GCS/GO composite films with different GO content. 
Note: Insert photo shows that the GCS/GO composite film can be bent to a large 
angle, indicating its flexibility. 

Abbreviations: GCS, genipin-cross-linked chitosan; GO, graphene oxide. 
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Fluorescence study 

It has been found that genipin reacts with primary amine 
groups on CS, via a nucleophilic attack to open the dihy- 
dropyran ring, forming nitrogen-containing heterocyclic 
rings. 38 It appears that a large conjugated system, possibly the 
71-71* conjugation, is formed by this reaction, thus resulting 
in the fluorescence in the cross-linked CS. 39 In our study, 
genipin was added after the GO sheets were blended into 
the CS solution. Both the GO and the genipin could react 
with primary amine group, therefore, there would have 
been a lesser amount of primary amine groups available 
for genipin after the addition of GO. Further, the well- 
dispersed GO sheets divided the large conjugated system 
into smaller ones. Therefore, the fluorescence intensity of 
the composite films decreased with increasing loading of 
GO (Figure 8A). Another explanation for the decreasing 
fluorescence intensity may be that the GO sheets could 
have blocked or reduced the intensity of the excitation light 
as well as the emission light. It should also be noted that 
chemically derived GO also exhibits weak blue to ultraviolet 
fluorescence (centered around 390 nm, for thin film) when 
excited with ultraviolet radiation. 40 41 However, the fluores- 
cence intensity is so weak (below 3 kilocounts per second 
for neat GO thin film) compared with genipin-generated 
fluorescence that the fluorescence from GO can be ignored 
due to its low weight fraction. 



A 




GCS GCS/GO-0.1 GCS/GO-0.5 GCS/GO-1 GCS/GO-2 




200 |im 



Figure 8 Fluorescence emission spectra (A) and wide-field fluorescence microscopy 
images (B) of the GCS/GO composite with different GO loadings. 
Notes: Green images were recorded through U-MNIBA3 (kex = 460-490 nm; 
A-em >5 1 0 nm) and red ones through U-MWG2 (tax = 5 1 0-550 nm; Xem >570 nm) 
filter combinations. 

Abbreviations: GCS, genipin-cross-linked chitosan; GO, graphene oxide. 



As shown in Figure 8A, the composite films could 
generate green and red emission light when excited at 
488 nm. Therefore, the film could be clearly visualized 
with the appropriate filter combinations, by wild field imag- 
ing (Figure 8B). It can be seen that the GO-incorporated 
samples were still highly visible, with reduced fluorescence 
intensity. This novel fluorescent property may further add to 
the advantages of using GCS for biomedical applications, 
such as bioimaging. 

In the fluorescence image of the GCS/GO-2 sample, some 
aggregated GO sheets (black spots) can be clearly observed. 
Kim et al reported that graphene-based sheets can be made 
highly visible under a fluorescence microscope by quench- 
ing the emission from a dye coating, which can be conve- 
niently removed afterward, by rinsing, without disrupting 
the sheets. 42 Having interaction with GO sheets and intrinsic 
fluorescence, the GCS platform might be another potential 
method to immobilize and visualize graphene sheets under 
a fluorescence microscope. 

Biocompatibility 

The biocompatibility of the GCS and GCS/GO composite 
films with different GO content was assessed by in vitro 
culture with MC3T3-E1 cells on the films. The cell pro- 
liferation results are shown in Figure 9. The cell counting 
results revealed no visible reduction in viability between 
the control and experimental groups, at each time interval. 
On day 1 , the little variance between each group indicated 
there would be no difference in cell attachment on the 



□TCP 

□gcs 




Figure 9 Cell-counting results of the TCP, GCS, and GCS/GO composite films on 
day I, 3, and 5. 

Notes: The bars represent the standard deviations of three replications. 
Abbreviations: GCS, genipin-cross-linked chitosan; GO, graphene oxide; TCP, 
tissue culture plate (negative control). 
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different samples. On day 3, the cell numbers in all groups 
were about 2.5 times greater than those on day 1. On day 5, 
there was no significant difference (P > 0.05) in the absor- 
bance of the GCS/GO composite films compared with that 
of the pure GCS, showing that the addition of GO sheets 
into CS matrix had no negative effect on the cell growth. 
The observed results reveal that all the composite samples 
were suitable for the proliferation of the MC3T3-E1 cells, 
indicating good cytocompatibility. 

To get visual evidence of the cytocompatibility of the 
GCS/GO composite films, MC3T3-E1 cells were seeded on 
the samples and observed under a fluorescent microscope, 
after staining the cells with a LIVE/DEAD assay, at days 1 
and 4 of cultivation. In Figure 10, live cells are shown to 
have fluoresced green, and dead cells fluoresced bright red. 
The dark red background resulted from the fluorescent light 
of the GCS. From the fluorescent imaging, the prolifera- 
tion of the seeded cells can be clearly seen. These results 
suggest that the addition of GO was not detrimental to the 
viability of the osteoblasts. As the content of GO increased, 
no obvious difference was seen in cell viability between the 
composite groups. 

It has been reported that neat GO exhibits a dose-de- 
pendent toxicity to cells and animals. 43 44 Yet, the additional 
amount of GO has been at a low level in most graphene 
polymer composites, and therefore, most reported graphene- 
incorporated composites have showed good biocompatibility. 
For instance, graphene/CS composites were found to be bio- 
compatible with L929 cells - the cells could adhere and grow 
on the composite films as well as on pure CS film. 37 The polar 
GO has also been found to facilitate the cell attachment and 
proliferation of osteoblasts on hybrid CS network structures. 16 
Here, the in vitro cell culture with the GCS/GO composite 
sample has also proven nontoxic, which may be attributed to 
the excellent biocompatibility of GO at low concentration and 



the hydrophilic property of GO, as well as the biocompatible 
nature of GCS. Furthermore, biomolecules like enzyme and 
anticancer drugs can be further conjoined to the GO sheets, 
making the biocompatible GCS/GO composite a promising 
platform for biomedical use. 

Conclusion 

In conclusion, a GCS film conjoined with GO sheets with 
diverse novel properties was fabricated by a solution cast- 
ing method. The well-dispersed GO sheets assembled in 
the GCS were found to reinforce the CS film by increasing 
the tensile strength and resistance to enzymatic degrada- 
tion and by decreasing the expansion in aqueous solution. 
Most importantly, the GCS/GO film maintained the intrinsic 
fluorescence and the cytocompatibility of the GCS matrix. 
Taking advantage of the versatility of GO sheets, GCS/GO 
biocomposite films might have a potential use in a broader 
range of biomedical applications, such as tissue engineering, 
bioimaging, and drug delivery. 
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Supplementary figures 




Figure S I Schematic representation of the GCS/GO composite. 
Abbreviations: GCS, genipin-cross-linked chitosan; GO, graphene oxide. 
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